Spatial covert attention is the selective processing of visual information at a given location in the absence of eye movements to that location (e.g., Posner, 1980) . Several authors have characterized two components of covert attention and have found that it can be allocated to the target location either voluntarily, according to the observer's goals (sustained attention), or involuntarily, in a reflexive manner (transient attention; e.g., Cheal & Lyon, 1992; Jonides, 1981; Nakayama & Mackeben, 1989) . A number of studies have explored the way in which covert attention affects early vision (e.g., Foley & Schwartz, 1998; Lee, Itti, Koch, & Braun, 1999; Lee, Koch, & Braun, 1997; Lu & Dosher, 1998; Morgan, Ward, & Castet, 1998) . In particular, our lab has demonstrated that transient attention enhances both contrast sensitivity (Carrasco, Penpeci-Talgar, & Eckstein, 2000) and spatial resolution , 1999 , 2000 , two basic dimensions of vision.
In the studies mentioned above, performance has been assessed independentlyof the target's location in the visual field. However, performance across the visual field is not homogeneous. A horizontal-vertical anisotropy (HVA) denotes better performance on the horizontal than on the vertical meridian (VM; e.g., Carrasco, Talgar, & Cameron, 2001; Rijsdijk, Kroon, & Van der Wilt, 1980; Rovamo & Virsu, 1979) . Furthermore, performance is superior in the lower than in the upper visual field (e.g., Berardi & Fiorentini, 1991; Edgar & Smith, 1990; Nazir, 1992; Rubin, Nakayama, & Shapley, 1996) .We have recently reported that this asymmetry is more pronounced along the VM-a phenomenon known as vertical meridian asymmetry (VMA); specifically, contrast sensitivity is superior in the lower half of the VM . Establishment of the presence of a VMA in spatial resolution would indicate that the heterogeneity of the visual system constrains performance in all visual tasks since both contrast sensitivity and spatial resolution underlie the processing of all visual stimuli and that vertical asymmetry may play a prominent role in tasks that require high resolution. Furthermore, such an asymmetry across the VM would pose a confounding variable for studies presenting stimuli at different locations in the visual field.
Grant NSF/BCS-9910734 and a Cattell fellowship to M.C. and a Katzell Summer Fellowship to C.P.T. supported this research, which was presented at the meeting of the Visual Sciences Society (May, 2001) and at the European Conference in Visual Perception (August, 2001 We investigated whether spatial resolution would be the same in the lower and upper halves of the vertical meridian (VM) of our visual field and whether attention would affect them differentially.It has been reported that (1) attending to the target' s location improves performance in a texture segregation task when the observer's spatial resolution is too low (peripheral locations) but impairs it when resolution is already too high (central locations) for the task. This finding indicates an enhanced spatial resolution at the attended location , 2000 , (2) observers' contrast sensitivity is higher in the lower than in the upper VM, a phenomenon known as vertical meridian asymmetry (VMA), an asymmetry determined by visual rather than by attentional factors (Carrasco, Talgar, & Cameron, 2001) . In the present texture segregation task, performance was assessed under neutral-and peripheralcue conditions. Transient covert attention was systematically manipulated by using a peripheral cue that indicated the target's location and its onset. Observers reported the interval containing a target patch appearing at one of a number of eccentricities in a large texture pattern along the VM. We found that (1) performance peaked at farther eccentricitiesin the lower than in the upper visual VM, indicating that resolution was higher in the lower half, and (2) the peripheral cue affected performance along the VM uniformly, indicating that the degree of enhanced resolution brought about by transient attention was constant along the VM. Thus, we conclude that the VMA for spatial resolution is determined by visual, not transient covert attentional, constraints.
Some recent studies have attributed the inhomogeneityin performance across the visual field to attention. For instance, an HVA reported in a letter identification task (Mackeben, 1999) and a vertical asymmetry reported in a Snellen acuity task (Altpeter, Mackeben, & TrauzettelKlosinski, 2000) have been attributed to a sustained attentional mechanism. Similarly, superior performance in the lower visual field in search and tracking tasks has been attributed to higher attentional resolution in the lower visual field (He, Cavanagh, & Intrilligator, 1996) . As has been established in visual search research (Carrasco, Evert, Chang, & Katz, 1995; Carrasco & Frieder, 1997; Carrasco, McLean, Katz, & Frieder, 1998; Geisler & Chou, 1995; Verghese & Nakayama, 1994) , before an attentional explanation is invoked, it is important to rule out the more parsimonious explanation that performance is determined by visual constraints. However, studies that have attributed the inhomogeneity in performance across the visual field to attention have neither ruled out the visual factors underlying these heterogeneitiesnor explicitly manipulated attention.
To evaluate the attentional explanation of performance inhomogeneitiesacross the visual field, we have systematically characterized the effect of transient attention on contrast sensitivity . Both the HVA and the VMA become more pronounced as spatial frequency, eccentricity, and the number of distractors increase in a wide range of tasks-orientation discrimination,detection, and localization-with different stimulus orientations and luminance levels, and with both monocular and binocular viewing conditions). In contrast to those who have attributed performance fields to attention, we have found that although transient attention improves overall performance, it does not interact with target location. Furthermore, attention shifts the psychometric function for contrast sensitivity to lower contrasts similarly at all locations in the visual field (Cameron, Tai, & Carrasco, 2001 ). Because in these two studies on contrast sensitivity similar performance fields emerged in conditions that did or did not invoke transient attention, we have concluded that performance fields are determined by visual, not transient attentional, constraints.
To directly assess the issue of attentional resolution's being higher in the lower hemifield (He, Cavanagh, & Intrilligator, 1996) , in the present study, we explicitly manipulated attention and measured how it would affect spatial resolution across the VM. To test this, we used a texture segregation task and evaluated whether directing observers' transient attention to the target location influenced performance differentially in the upper and lower VM. Early visual processing is thought to be responsible for texture segregation,the ability to segregate a target from its surround (see Figure 1a) . In this task, performance is constrained by spatial resolution (Gurnsey, Pearson, & Day, 1996; Joffe & Scialfa, 1995; Kehrer, 1989; Morikawa, 2000; , 2000 . Unlike in most static visual tasks (e.g., Carrasco & Frieder, 1997; DeValois & DeValois, 1988; Graham, 1989) , in the texture segregation task, performance is not optimal at fovea. As is illustrated in Figure 1b , in such a texture segregation task, performance peaks at midperipheral locations and drops as the target appears at more central or farther peripheral locations (Gurnsey et al., 1996; Joffe & Scialfa, 1995; Kehrer, 1989; Morikawa, 2000; Pearson & Gurnsey, 1992; , 2000 . Psychophysical and physi- ological evidence indicate that we process visual stimuli by means of parallel spatial filters, each tuned to a band of spatial frequencies (DeValois & DeValois, 1988; Graham, 1989) . Particularly relevant to the present study is the characteristic central performance drop (CPD) in the texture segregation task. Such a drop is considered to reflect a mismatch between the average size of spatial filters responsible for the spatial resolution in that region of the visual field and the scale of the texture. With retinal eccentricity, the average size of the filters decreases and consequently resolution increases. Whereas these filters are too small in the fovea (i.e., resolution is too high), they are too large in the periphery (i.e., resolutionis too low; Gurnsey et al., 1996; Joffe & Scialfa, 1995; Kehrer, 1989; Morikawa, 2000) .
A number of studies have shown that attention enhances spatial resolution Reynolds & Desimone, 1999; , 1999 , 2000 . For instance, a peripheral, transient cue improves performance more for peripheral than for central targets in a visual search task, implying that attention can reduce resolution differences between the fovea and the periphery (Carrasco & Yeshurun,1998) . Furthermore, the findingsthat precuing the target location with a peripheral cue improves performance in gap resolution tasks and that this benefit becomes more pronounced as target eccentricity increases provide further support for the spatial resolution hypothesis (Carrasco, Williams, & Yeshurun, 2002; Yeshurun & Carrasco, 1999) .
In a critical test of this hypothesis, Yeshurun and Carrasco (1998) explored the effects of attention on the basic texture segregation task (described above) in which performance is diminishedby heightenedresolution (see Figure 1 ). Given that performance is already worse at the fovea because its spatial filters are too small and have too high a resolution for the scale of the texture (Gurnsey et al., 1996; Morikawa, 2000) , 1 further increasing resolution at foveal locations should lead to a more pronounced drop in performance. Attention helped performance at peripheral locations, but hindered performance at central locations. 2 The mere fact that attention affected performance is noteworthy. Texture segregation based on orientation differences is considered an early preattentive task (see, e.g., Joffe & Scialfa, 1995; Julesz, 1981; Northdurft, 1991) . Note that these results are inconsistent with all models of attention,which predict that attention always helps and never hinders performance. Such impairment could be mediated only by an attentional mechanism that enhances resolution by effectively decreasing the average size of filters at the attended location. It has also been determined that by enlarging the scale of the texture, the peak of performance is shifted to farther eccentricities, consistent with the hypothesis that segregation of larger textures requires larger filters that are more abundant at farther eccentricities (Gurnsey et al., 1996) . Consequently, for a bigger texture scale, attention hinders performance for a larger central region, resulting in a larger CPD ).
An attractive feature of this texture segregation task is that it provides a link with known properties of the physiological substrate of vision (e.g., Gurnsey et al., 1996; Yeshurun & Carrasco, 2000) . Physiological evidence indicates that responses capable of underlying segregation occur in cortical area V1 (e.g., Lamme, Van Dijk, & Spekreijse, 1993; Purpura, Victor, & Katz, 1994) . Given that the texture segregation task is limited by spatial resolution, it provides an ideal paradigm for investigating whether spatial resolution also exhibits the VMA reported for contrast sensitivity . Furthermore, when attention is explicitly manipulated, the pattern of results can be explained only by an attentional mechanism that enhances spatial resolution . However, these authors tested the effect of attention on texture segregation only along the horizontal meridian. Whereas previous studies had averaged performance over all equally eccentric locations (Joffe & Scialfa, 1995; Kehrer, 1989; Pearson & Gurnsey, 1992; , 2000 , our aim was to compare the upper and lower VM. We oriented the texture pattern along the VM and presented the target at varying eccentricities up to 12º to investigate whether (1) performance in a texture segregation task differs along the VM, and (2) the effect of transient attention differs throughoutthe VM. We hypothesizedthat (1) spatial resolution would be superior in the lower half of the VM, and (2) transient attention would increase spatial resolution consistently across the VM.
We illustrate these hypotheses in Figure 2 . Because the performance function in the texture segregation task results from the extent of the match between the size of the spatial filters and the texture scale, the higher the spatial resolution, the more pronounced the CPD and the more eccentric the performance peak. Figure 2a shows a greater spatial resolution in the lower than in the upper half of the VM. If, at a given eccentricity, filters were smaller in the lower than in the upper half, the lower half would show a greater CPD and would peak at a farther eccentricity. Figure 2b depicts the enhancement of spatial resolution throughout the VM as a result of transient attention. This is because a peripheral transient cue impaired performance at central locations and shifted the performance peak to a farther eccentricity along the horizontalmeridian , 2000 . Figure 2c portrays a consistent degree of attentional effect across the two halves of the VM. This effect is assessed by the point at which the attentional effect crosses over from an impairment to an improvement. If the lower half of the vertical meridian had a higher resolution, the attentional crossover point would be more eccentric in the lower than in the upper half of the vertical meridian. Therefore, the difference between the two graphs in Figure 2c would be predicted by spatial resolution alone-that is, without a differential effect of attentionalong the two VMs).
EXPERIMENT Method
Observers. Fourteen New York University undergraduates participated for credit in a psychology course. All had normal or corrected-to-normal vision and were naive as to the purpose of the study.
Apparatus. An Apple G4 computer was used to display the stimuli on a gamma-corrected 21-in. Sony P51 monitor. Stimuli were pre-sented by the PsyScope software (Cohen, MacWhinney, Flatt, & Provost, 1993) .
Stimuli and Design. At a viewing distance of 57 cm, the texture pattern subtended 14º 3 5º of visual angle above and below the center of the display (Figure 3 ). It consisted of 287 lines oriented at 45º or 135º (41 rows 3 7 columns), in which a target texture (3 3 3 lines oriented orthogonal to the background subtending 1.5º 3 2º of visual angle) was embedded in the background texture.
Procedure. Figure 3 depicts the sequence of events within one trial. The observers viewed the display binocularly. In each trial, there were two intervals, each of which began with a fixation point at the center of the screen, followed by one of two possible cues presented for 70 msec. A peripheral precue indicated the target location. To prevent forward masking, this precue, a green horizontal bar (0.9º 3 0.5º), appeared 0.3º beyond the target's distant edge from the fixation point. The timing between the precue and display onsets (110 msec) maximized the attentional effect (Nakayama & Mackeben, 1989) and precluded eye movements (Mayfrank, Kimmig, & Fischer, 1987) . The peripheral precue appeared in 50% of the trials. Given that it appeared in both intervals and always indicated the target location in the interval that contained the target (100% valid), the precue did not associate a higher probability with one of the responses, and the observers could not rely on its presence to reach a decision. In the other 50% of the trials, a "neutral" cue, a green vertical line (28º 3 0.3º), appeared along each side of the texture, indicating that the target was equally likely to appear in any of 17 possible locations (1 central location, 8 above and 8 below, ranging from 0.7º to 11.75º eccentricity). After an interstimulus interval of 40 msec, the texture pattern appeared for an average of 40 msec. The presentation time for the texture ranged from 30 to 50 msec so that each observer would perform at about 80% correct. Following the display, a mask (containing crosses, made of 45º and 135º lines), spanning the display, appeared for 200 msec. Following the observer's response, a "+" or "2" sign indicated a correct or incorrect response, respectively. There were three blocks of 300 trials each for a total of 900 experimental trials (50 datapoints per target location and cue combination) per observer. On half of the trials, the target appeared in the first of two intervals. The observers were asked to indicate the interval that contained the target by pressing one of two keys.
Results
We performed a 2 ( peripheral vs. neutral cue) 3 2 (upper vs. lower VM) 3 9 (eccentricity) repeated mea- sures analysis of variance (ANOVA) to evaluate the three predictions presented in the introduction. 3
Resolution differences between the upper and lower vertical meridian. In Figure 4a , the neutral cue performance functions are compared for the two halves of the VM. The quadratic fits for the upper and lower halves had R 2 values of .95 and .75, respectively. The ANOVA revealed a significant hemifield 3 eccentricity interaction [F(8,104) = 2.85, p < .01]: The CPD was more pronounced and the performance peaked at a farther (6.4º) eccentricity for the lower than for the upper half (5º). These results confirm our predictions (see Figure 2a) .
Cuing Effect. Figure 4b , shows the overall effect of the peripheral and neutral cue on texture segregation collapsed over the two halves of the VM. The R 2 value for the quadratic fits for the neutral and peripheral cues were .92 and .97, respectively. The ANOVA revealed a significantcue type 3 eccentricity interaction [F(8,104) = 2.17, p < .05]: The cuing of target location impaired performance at central locations but enhanced performance at farther eccentricities. Furthermore, performance peaked at a farther eccentricity for the peripheral than for the neutral cue (6.5º vs. 5.5º eccentricity). These results confirm our predictions (Figure 2b ) and are consistent with Carrasco (1998, 2000) .
Interaction between cuing and location in the VM. In Figure 4c , the effect of the neutral and peripheral cues is plotted for the lower (right graph) and upper (left graph) halves of the VM. Consistent with our predictions (Figure 2c) , the ANOVA showed that neither the cue type 3 hemifield interaction [F(1,13) = 2.44, p > .1] nor the threeway interaction [F(8,104) = 1.03, p > .1] was significant. This pattern of results indicates that the magnitude of the cuing effect did not differ on the basis of whether the target appeared in the upper or lower VM. Furthermore, the crossover point at which the attentional effect switched from a benefit to an impairment occurred 1.3º farther in eccentricity for the lower (4º) than for the upper (2.7º) half of the VM. Figure 5a illustrates the extent of the difference in spatial resolution between the lower and upper halves of the VM in the neutral condition. To equate performance for both halves at eccentricities near fixation and to maximize the overlap of both functions, we shifted the function for the lower half 1º toward the left (so that its starting point would be 21). The resulting graph indicates that after performance peaks, it declines in a more pronounced fashion in the upper than in the lower half of the VM. In Figure 5b , a similar effect is depicted for the peripheral cue; equating performance at the near eccentricities by displacing the lower curve toward the left (so that its starting point would be 21) resulted in a perfect overlap of both functions. This illustrates that the peripheral cue increased resolution in both halves of the VM in such a way that the resulting per- formance difference was tantamount to 1º eccentricity. These two graphs, together with the lack of a significant three-way interaction, indicate that the magnitude of the cuing effect did not differ significantly along the VM.
DISCUSSION
We used a texture segregation task in which performance decreases at central locations because the filters' sizes at those locations are too small for the scale of the texture and consequently, the spatial resolution is too high (Gurnsey et al., 1996; Joffe & Scialfa, 1995; Kehrer, 1989; Morikawa, 2000) . By presenting the texture pattern along the VM, this task enabled us to assess how spatial resolution differs along this meridian. To our knowledge, this is the first study to provide psychophysical evidence for higher spatial resolution in the lower than in the upper VM. Furthermore, the extent to which resolution declines is greater in the upper than in the lower VM. Both of these findings are consistent with the finding that contrast sensitivity differs along the VM .
There is an apparent inconsistency in the literature regarding the existence and the degree of an asymmetry between the upper and lower visual fields. A closer look at these studies reveals that the terms VMA and upper-lower visual field differenceshave been used inconsistentlyand, in some cases, interchangeably. Here we note that the existence of the VMA is not equivalent to an overall difference between all of the possible locationsin the upper and lower visual fields. On the one hand, the reported advantage of the lower visual field in a variety of psychophysicaltasks (see, e.g., Edgar & Smith, 1990; Nazir, 1992; Previc, 1990 ; Rubin et al., 1996) might have been primarily driven by differences along the VM and generalized to the entire hemifield. On the other hand, some studies have reported a lack of a significant difference between the upper and lower visual fields (e.g., Carrasco et al., 1995; Carrasco & Frieder, 1997; . In those cases, averaging across several locations is likely to have diminished or even obscured a real difference along the VM. This explanation could also be responsible for the small lower field advantage reported for a similar texture segregation task with both simple and complex texture channels (Graham, Rico, Offen, & Scott, 1999) . However, when the target appears along only the VM (10º eccentricity) in a similar segregation task, the asymmetry is more pronounced (Hofmann & Hallett, 1993) . Thus, these inconsistent findings could be explained by the specific location where the target appeared in the visual fields; when they are restricted to the VM, the asymmetry is more pronounced.
Possible neural correlates of the VMA for spatial resolution include the greater cone and ganglion cell densities in the lower than in the upper VM (Perry & Cowey, 1984 , and the fact that slightly more area is devoted to the inferior than to the superior visual field in LGN (Connolly & Van Essen, 1984) and cortical area V1 (Tootell, Switkes, Silverman, & Hamilton, 1988; Van Essen, Newsome, & Maunsell, 1984) . To our knowledge, no neural correlates have been reported that would account for our finding that the extent to which spatial resolution declines is more pronounced in the upper than in the lower VM.
It is reasonable to assume that attentionalmodulationmay reflect a combination of mechanisms such as reduction of external noise-attentiondiminishes spatial uncertaintyand facilitates distracter exclusion (Lu, Liu, & Dosher, 2000; Palmer, 1994; Shiu & Pashler, 1994 Solomon, Lavie, & Morgan, 1997; Sperling & Dosher, 1986 )-and signal enhancement-attention strengthens the stimulus' representation (e.g., Carrasco et al., 2000; Carrasco et al., 2002; Lu & Dosher, 1998; Müller et al., 1998) . By presenting the texture display along the VM, we found that attention impairs performance at central locations while enhancing it at far eccentricities. These results are consistent with those of Carrasco (1998, 2000) , who used a texture presented along the horizontal meridian. Note that although the attentional benefit at peripheral locations is consistent with many mechanisms, the attentional impairment at central locations can be explained only by enhanced spatial resolution.
The explanation that attention enhances spatial resolution also accounts for the finding that attention improves detection and discrimination performance in tasks that have been developed to assess acuity (e.g., Landolt square; Carrasco et al., 2002) and hyperacuity (vernier offset; Yeshurun & Carrasco, 1999) . Indeed, in a recent review, Reynolds and Desimone (1999) considered that these psychophysical studies lend support to the neurophysiological studies showing that attention increases spatial resolution by contracting the neurons' receptive field around the attended stimulus (Desimone & Duncan, 1995; Luck et al., 1996; Moran & Desimone, 1985; Reynolds & Desimone, 1999) .
Previous studies have attributed the HVA (Altpeter et al., 2000; Mackeben, 1999) and VA (Altpeter et al., 2000) to sustained attention. Given that the transient component of attention is considered to operate at an earlier stage of visual processing than the sustained component(e.g., Nakayama & Mackeben, 1989) , before an attentional explanation is invoked, it is important to rule out the likely possibility-and more parsimonious explanation-that visual constraints also underlie the performance fields. In the present study, we show that when covert attention is explicitly manipulated via a peripheral precue, the extent to which transient attention increases resolution along the VM does not dif- fer systematically. That is, although we do report that the lower VM has a higher resolution than the upper VM, transient attention does not affect resolution more in one or the other half. 4 The present results lend support to the idea that transient attention increases resolution to a similar degree at different locations in the visual field. These results are consistent with a recent study on contrast sensitivity in which by systematicallymanipulatingboth transient attention and visual factors, we found that (1) contrast sensitivity is superior in the lower VM, (2) as eccentricity increases, the VMA in contrast sensitivity is more pronounced, and (3) the attentional effect did not interact with the location along the VM at which the target was presented. We concluded that the performance fields for contrast sensitivity are determined by visual, rather than by attentional,constraints . Likewise, in this study, we found that (1) spatial resolutionis greater in the lower than in the upper VM, (2) the rate of decline for spatial resolution as a function of eccentricity is more pronounced in the upper half, and (3) the attentional effect did not interact with the location along the VM at which the target was presented. Thus, we conclude that the VMA for spatial resolution is determined by visual, not transient attentional, constraints.
The resolution differences we report along the VM could reflect ecological constraints. In most circumstances, there is more visual information in the lower than in the upper half of our visual field. Previc (1990) , for instance, has proposed that the upper and lower visual fields are functionally specialized for far and near vision, respectively, so that stimuli are processed more efficiently in the lower than in the upper visual field. Indeed, it is possible that the inferior visual field is more important for survival. Under most viewing conditions, the sky would take up a majority of the superior visual fields, at least in primates living outside the natural forest (Tootell et al., 1998) . The existence of VMA has several implications. For instance, regarding experimental design and analysis, the VMA suggests that either the stimuli should be presented in areas of the visual field with similar characteristics so that the results can be generalized,or performance should be analyzed for different locations independently. In addition, the VMA suggests ergonomic and human factors applications (e.g., when one is designing an instrument panel, critical information should not be presented at the upper VM since the visual system's efficiency to process information at this location is compromised by its low contrast sensitivity and spatial resolution).
The present results are consistent with the findings that covert attention increases performance in two basic dimensions of early vision-namely, spatial resolution (Morgan et al., 1998; Tsal & Shalev, 1996; , 1999 , 2000 and contrast sensitivity (e.g., Cameron et al., 2001; Carrasco et al., 2000; Foley & Schwartz, 1998; Lee et al.,1999; Lee et al.,1997; Lu & Dosher, 1998; Solomon et al., 1997) . Furthermore, they conclusively show that regardless of the inhomogeneity of the visual field-that is, HVA and VMA-the attentional effect is constant throughout the VM.
